Leaf area, chlorophyll content, net CO2 photoassimilation, and the partitioning of fixed carbon between leaf sucrose and starch and soluble protein were examined in Glycine max (L) Merr Legumes have the capability to acquire nitrogen for growth through N2 fixation and inorganic nitrogen metabolism, and reduced carbon is needed by the plants to carry out both processes. Little is known about the effects of N2 fixation versus inorganic nitrogen metabolism on photosynthesis and photosynthate partitioning within the source leaves of the host plants of legume-Rhizobium symbioses, although the influence of photosynthesis and photosynthate production of the source leaves upon N2 fixation in legumes is well documented (1, 12, 13, 34). As two distinct nitrogen acquiring processes, N2 fixation and inorganic nitrogen metabolism probably generate two different sink strengths for reduced carbon (29) . There is evidence that because of the maintenance of the bacteria and the nodules, N2 fixation generates 259 the greater sink for reduced carbon (6, 21, 23). However, this is not entirely certain (7).
(Nod+/+) was inoculated with Bradyrhizobium and watered daily with a nutrient solution containing 6 millimolar NH4NO3. A second set (Nod+/-) was inoculated and had N2 fixation as its sole source of nitrogen. A third group (Nod-) was not inoculated and was watered daily with a nutrient solution containing 6 millimolar NH4NO3. The mean net micromole CO2 uptake per square decimeter per hour of the most recently matured source leaves was similar among the three groups of plants, being about 310. Mean leaf area of the source leaves, monitored for net photosynthesis was also similar. However, the mean milligram of chlorophyll per square decimeter of Nod+/-test leaves was about 50% lower than the other groups' leaves and indicated nitrogen deficiency. Thus, Nod+/-utilized their chlorophyll more efficiently for photosynthetic CO2 uptake than the plants of the other treatments. The ratio of foliar carbohydrate:protein content was high in Nod+/ -but low in the plants from the other two treatments. This inverse relationship between foliar protein and carbohydrate content suggests that more fixed carbon is diverted to the synthesis of protein when nitrogen availability is high. It was also found that Nod+/-sequestered more storage protein in their paraveinal mesophyll than plants of the other treatments. This study indicates that when inorganic nitrogen regimes are used to control photosynthate partitioning, then both leaf carbohydrate and leaf protein must be considered as end products of carbon assimilate allocation.
Legumes have the capability to acquire nitrogen for growth through N2 fixation and inorganic nitrogen metabolism, and reduced carbon is needed by the plants to carry out both processes. Little is known about the effects of N2 fixation versus inorganic nitrogen metabolism on photosynthesis and photosynthate partitioning within the source leaves of the host plants of legume-Rhizobium symbioses, although the influence of photosynthesis and photosynthate production of the source leaves upon N2 fixation in legumes is well documented (1, 12, 13, 34) . As two distinct nitrogen acquiring processes, N2 fixation and inorganic nitrogen metabolism probably generate two different sink strengths for reduced carbon (29) . There is evidence that because of the maintenance of the bacteria and the nodules, N2 fixation generates 259 the greater sink for reduced carbon (6, 21, 23) . However, this is not entirely certain (7) .
It is known that sink strength influences photosynthetic metabolism and photosynthate partitioning (24, 33) . High sink strength elevates net photosynthetic rates (14, 33) . If N2 fixation is the stronger sink, then N2-fixing legumes should have higher photosynthetic rates than non-N2-fixing counterparts. This laboratory has established that in some cases N2-fixing soybeans have higher leaf net photosynthesis than non-N2-fixing plants (27) . This higher photosynthetic rate was evident in both intact trifoliolates and isolated mesophyll cells. However, others have shown that leafnet photosynthesis between the two groups ofplants are not significantly different (2) , but this point needs further investigation.
Reduced carbon is partitioned within a plant to meet various metabolic, storage, and structural demands. Photosynthate partitioning can be thought ofin terms ofthe amount of carbon transported out of the photosynthetic cells to meet the demands of nonphotosynthetic tissue versus that amount of carbon sequestered for later use. Photosynthate is stored usually in the form of starch or some other carbohydrate. The amount ofcarbon diverted to meet the metabolic needs versus starch storage is influenced by the strength of the sink. High sink strength will result in more photosynthate from the source leaves being synthesized for transport and less for storage (24) . Source leaves from N2-fixing plants should have lower foliar starch levels than source leaves of plants assimilating inorganic nitrogen if the demands of N2 fixation for fixed carbon are greater than for inorganic nitrogen assimilation.
A lower foliar starch content within nodulated legumes has been shown, indicating that N2 fixation is a stronger sink than inorganic nitrogen assimilation (16) . However, there have been reports of N2-fixing soybeans having higher starch content within source leaves than non-N2-fixing soybeans (2, 3, 17) . This suggests that nitrogen assimilation through N2 fixation may be a weaker sink for fixed carbon than inorganic nitrogen assimilation, but again this point needs further study, especially during preanthesis.
Nitrogen availability and limitation will also affect photosynthesis and photosynthate partitioning in legumes, and this effect will be superimposed on any influence the two different nitrogen metabolisms may have. Many large-seeded legumes, such as soybeans, sometimes enter into a mild nitrogen deficiency if their only source of nitrogen is through N2 fixation (23) . Nitrogen deficiency can bring about lower net photosynthetic rates in nonnodulated legumes and in other plants (5, 28) . Nitrogen limitations will bring about changes in carbohydrate to protein ratios in algae, with carbohydrate synthesis favored by low nitrogen availability while protein synthesis is favored by high nitrogen availability (20) . Protein usually is not considered to be stored photosynthate. However, soybean leaves have a tissue, not found in most other legume or nonlegume plants, which functions in the storage ofglycoprotein, in addition to sucrose. This tissue is known as PVM' (8) (9) (10) . The proteins within the vacuoles of the PVM are broken down upon anthesis to meet the nitrogen requirements of the developing legume pods, at least in determinant cultivars (9, 10) . Since nitrogen limitation brings about changes in protein content, this tissue may be affected by the type of nitrogen metabolism.
In this study net photosynthetic rates among N2-fixing soybeans grown at either 0 or supplemented with 6 mm NH4NO3, and non-N2-fixing plants grown at 6 mM NH4NO3, were examined to determine the effects of N2 fixation and inorganic nitrogen availability. The Three seeds/pot were planted 1.5 cm beneath the surface of the vermiculite. Seeds were infected using B. japonicum USDA strain SR (22) suspension (1.5-2.0 mL) (109 cells/ mL). The seedlings were thinned to 1 plant/pot 4 d after emergence of the shoots.
Net Photosynthetic and Nitrogen Fixation Measurements
Randomly selected plants were analyzed for net photosynthetic CO2 uptake and were performed 24 h before the last day of the growth period. Net photosynthetic measurements were performed under the growth chamber conditions listed above using a Beckman 865 infrared gas analyzer with an air sealed chamber (photon flux density, 500 MAE/m2.s; CO2 concentration 360 ppm; 02 concentration 21 %; temperature, 25°C; and RH, 65%) (37) after 3 h of illumination. The leaves that were chosen for photosynthetic measurements and for later carbohydrate determination were the most recently matured trifoliolates (a trifoliolate is a leaf made up of three leaflets) and the trifoliolates directly beneath them on the main axis of each plant. Previous studies showed that these leaves are among the most photosynthetically active on the main axis (30, 35) . The leaves for all three treatments were trifoliolates 6 and 7, acropetally numbered from the unifoliates. All three leaflets of each trifoliolate were inserted into the measuring cuvette. Photosynthetic rates were expressed in terms of leaf area and Chl content. Leaf area was determined using a Li-Cor model 3100 area meter (Li-Cor, Lincoln, NE). Chl was determined by extracting it in 100% methanol from the leaves were immersed quickly into liquid N2 and freezedried, after which leaf mass was determined. Leaf tissues were stored at -800C until further analysis. Carbohydrate quantification was performed on 20 mg of freeze-dried tissue with a previously published procedure for extraction and enzymatic analysis (25) . Starch was quantified using amyloglucosidase, which first degraded the starch to its glucose monomers. Consequently, starch content is expressed in terms of glucose equivalents. Soluble foliar protein was determined also from the freezedried tissue. Ten mg of tissue was ground in a tissue homogenizer in 1 mL of 0.05 M Tris (pH 8.5). The slurry was transferred to a microfuge tube and spun in a microfuge at full speed for 5 min. The supernatant was transferred to a labeled vial. The pellet was washed by resuspending the pellet in 1 mL of the Tris buffer and centrifuging. This operation was performed twice and all three supernatants were combined. It was found that after a total of three extractions no more protein could be recovered. Recovery of soluble protein was also determined by adding known quantities of BSA (300-600 gg) to leaf tissue prior to extraction. It was found that total recovery of protein was about 99%. Protein quantification was done using the Bio-Rad Protein Assay Reagent (Bio-Rad Technical Manual No. 82-0275). Two tissue samples were used to determine the protein and carbohydrate contents of each leaf.
Transmission electron microscopy was performed on source leaf tissue to determine anatomical differences in starch content and glycoprotein content between Nod+/-, Nod+/+, and Nod-plants. The tissue was prepared for TEM using the procedure of Warmbrodt (36) . Small pieces of tissue (about 2 x 2 mm2) were cut from similar areas from source leaves with razor blades. The tissue was immersed in 6% (v/ v) glutaraldehyde in 50 mm sodium cacodylate buffer (pH 7), for 6 h at room temperature under low vacuum. The fixative was changed once during this period. Following fixation, the tissue was washed four times, for 15 min each in 50 mM cacodylate buffer and postfixed overnight in 2% osmium tetroxide in 50 mm cacodylate buffer at 40C. The tissue was again washed in 50 mm buffer (four times, 15 min each), dehydrated in cold acetone, and embedded and polymerized in Spurr's epoxy resin (32) for 8 h at 700C. Sections 600 to 800 nm in thickness were cut with a diamond knife on an ultramicrotome. The sections were collected on either copper grids, if the sections were used to determine differences in size (8) . The sections were washed with water and air-dried. All sections were observed and photographed with an Hitachi HU-11 E transmission electron microscope at 75 kV.
RESULTS

Chi Content and Leaf Area of Source Leaves
The mean Chl content of the soybeans source leaves are listed in Table I . For each treatment the data from both leaf positions and experiments were combined since there were no statistically significant differences. The (Fig. 1) . In contrast, the foliar sucrose content of Nod+/-plants was about 2 times higher than this concentration.
Of trifoliolate 7, experiment 1, the steady-state foliar starch content of Nod+/+ plants was the lowest among the three groups of plants (Fig. 2) . Average ,umol glucose equivalents/ dM2 was about 160. The foliar starch content of Nod-plants was higher than Nod+/+ plants; the average ,umol glucose equivalents/dM2 for Nod-plants was 400 . The starch content of Nod+/+ and Nod-leaves remained relatively constant over the time course. This has been reported previously in soybeans growing under growth sufficient levels of nitrogen (4) and can be attributed to the long photoperiod used to inhibit flowering. The average steady-state starch content was significantly the greatest in the leaves of Nod+/-plants, the concentration was 75% greater after 3 h of illumination in these plants than Nod-plants. This difference in starch content between Nod+/-and Nod-plants also can be seen in Figure 3 , A and B. These are transmission electron micrographs of portions of the second layer of palisade parenchyma of typical Nod+/-and Nod-leaves, respectively, after about 3 h of illumination. Nod+/-leaves show more abundant and larger starch grains than Nod-leaves. Nod+/+ leaf tissue resembled Nod-tissue (data not shown).
The protein content of trifoliolate 7, experiment 1, did not change significantly over the time course, except for Nodplants in the first 45 min of illumination in which there was a slight decline (Fig. 4) . After this decline, the foliar protein content of Nod-and Nod+/+ was similar. In contrast, the foliar content of Nod+/-plants was 50% lower than the other two plants. The partitioning patterns of the foliar carbohydrate and protein contents of trifoliolate 6, experiment 1, and trifoliolates 6 and 7, experiment 2, were identical to trifoliolate 7, experiment 1, even though the exact amounts were slightly different (data not shown).
The partitioning of carbon between carbohydrate versus nitrogenous compounds was influenced greatly by the different growing regimens. This partitioning of carbon between carbon-based photosynthate and two ofthe major nitrogenous components, Chl and protein, can be seen clearly in Table II. The expressed values are for trifoliolates which were illuminated for 3 h. These values were obtained by pooling the data from both leaf positions and experiments. The amount of carbon-based photosynthate are expressed as hexose equivalents. Hexose equivalents of the trifoliolates were obtained by multiplying the ,umol sucrose/dM2 by 2 and adding the ,umol starch-glucose/dM2. This number was then divided by either the mg protein/dM2 or mg Chl/dm2 of the leaf. The average fLmol hexose equivalent on either mg protein or mg Chl basis was greatest in Nod+/-, followed in order by Nod-and Nod+/+, respectively.
The vacuoles of PVM cells of Nod+/-source leaves contained large quantities of a granular, electron dense material (Fig. 5A ) which was absent from Nod-source leaves (Fig.  SB) . Figure 6 , A and B, shows portions of the PVM stained for glycoproteins with phosphotungstic acid from Nod+/-and Nod-source leaves, respectively. The plasma membrane and tonoplast of the PVM cells stain positively for glycoproteins as does the electron dense material in the vacuole from PVM cells from Nod+/-plants. Nod+/+ leaf tissue did not contain any granular material within their PVM, like Nodtissue (data not shown).
Nitrogen Fixation (Acetylene Reduction) Rates
The mean acetylene reduction rates in ,mol/plant.h and nodular dry mass for the two inoculated groups of plants are listed in Table I . Data were pooled from both experiments as there was no statistical difference between them. Acetylene reduction was not detected in Nod-plants and there were no visible nodules on the roots of these plants.
DISCUSSION
Maintenance of Photosynthetic Rate in Nod+/-Source Leaves to Support N2 Fixation
It often has been observed that when algae or non-N2-fixing higher plants are subjected to nitrogen limitations the photo- Figs. 1-3 ). The lower leaf area but greater N2 fixation rate and nodular dry mass of Nod+/-plants are interpreted to mean that N2-fixing nodules act as the greater priority nitrogen assimilatory sink, which must be served directly by the most newly synthesized photosynthate. It is suggested that it is this demand by N2 fixation for photosynthate which resulted in adaptation and maintenance of the photosynthetic rate in the Nod+/-source leaves. Indeed, strong sink strength has been shown to induce increases in source leaf photosynthesis in soybean plants (14, 24) .
Another point is that it has been suggested repeatedly that high foliar starch and sucrose levels elicit, in some way, a 'feed-back' inhibition of photosynthetic rate (14) . Although there was up to a threefold higher level of hexose equivalents/ dm2 in the source leaves of the Nod+/-compared with the other plants, there was no feed-back inhibition of photosynthesis (Table I) Using the concurrent treatments of Nod+/-, Nod+/+, and Nod-, it was clear that there could be identified two distinct nitrogen assimilatory sinks into which photosynthate was partitioned. The discussion above emphasized that the sink demand by the N2-fixing bacteroids created a priority sink resulting in maintenance of a normal, high photosynthetic rate. However, starch and sucrose had accumulated to high levels in the source leaves of the Nod+/-plants, but when NO3-and NH4+ were supplied, either to N2-fixing (Nod+/+) or to non-N2-fixing soybean (Nod-) counterparts, then the second major nitrogen assimilatory sink was reflected. This sink was evident by a disappearance of foliar starch and sucrose and the concurrent appearance of additional Chl and soluble source leaf protein (Table I; Figs. [1] [2] [3] [4] . For example, at the 3 h illumination point, in the average source leaf, Mmol hexose equivalents/dm2 (defined in the "Results") in the Nod+/-, Nod-, and the Nod+/+ were, respectively, 630, 520, and 200. Obviously, a plant which both supports symbiotic N2 fixation as well as foliar (and other organ) N03-and NH4+ assimilation (e.g. Nod+/+) reflects the greatest utilization of carbon photosynthate. From these data, it is again concluded that the plants only supporting the bacteroid N2 fixation (e.g. Nod+/-) are apparently dependent more on new photosynthate than the accumulated starch and sucrose.
While it is often stated in studies of photosynthate partitioning that there is a reciprocity only between starch and sucrose ( 16) , it is clear from our studies that NO3-and NH4' assimilation elicit a much broader response. In the cases where NO3-and NH4+ serve as a second major nitrogen assimilatory sink, then, there is a distinct diversion of fixed carbon away from the carbon photoassimilates and toward the nitrogenous assimilates (e.g. Chl and protein). For example, the hexose/ protein and hexose/Chl ratios in Nod+/+ were diminished by as much as 6 times less than the Nod+/-plants (Table  II) . This same trend has been demonstrated previously in a study of photosynthate partitioning in algae (20) . Clearly, when inorganic nitrogen assimilation and N2 fixation concurrently exert a major control upon foliar photosynthate partitioning, as it does in soybean, then both the carbohydrate assimilates and the nitrogen assimilates must be examined before a complete understanding of control points can be elucidated.
It is clear that N2 fixation and inorganic nitrogen metabolism, or a product of their assimilation, influences the flow of newly synthesized triose phosphate into the anaplerotic pathway, affecting amino acid synthesis (26, 31) . For example, work in this laboratory has demonstrated that there was a proportional decrease in the rate of foliar starch synthesis and the foliar accumulation of starch and sucrose in soybeans as NO3-and NH4+ fed to the plant was incrementally increased (26) . Inorganic nitrogen could do this by diverting triose phosphates out of the pentose phosphate reductive cycle, thus exercising substrate limitation for starch and sucrose synthesis. A second possibility is that one or more enzymes involved in starch and/or sucrose biosynthesis or its degradation are influenced by N2 fixation and/or inorganic nitrogen supply (17, 31, 38) (CC Black, private communication). For example, Kerr et al. (17) found that the activity of ADPG-PPiase, the principal rate limiting starch synthesis pathway enzyme, was slightly lower in soybean leaves of NO3-fed plants compared to leaves from N2-fixing plants. Alternatively, Smith et al. (31) discovered that when NH4+ was resupplied to Selenastrum minutum cells following a period of nitrogen deprivation, there was induced a very rapid starch breakdown which took place during photosynthesis in high light, implying a stimulation of the enzymes involved in starch degradation. Conceivably, the activity of the amylases or starch phosphorylase could be higher in the leaves of inorganic nitrogen fed plants compared to the leaves of N2-fixing plants.
It is possible that the accumulation of nonstructural carbohydrate in response to nitrogen limitation could be the Plant Physiol. Vol. 94, 1990 result of both substrate supply and multiple enzymatic changes, as it is in the case of phosphate-deficient soybeans (11) 
